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In multiple sclerosis (MS), B cells are trafficking across the blood-brain barrier, but it is not known how this
relates to the synthesis of oligoclonal IgG. We used quantitative mass spectrometry of oligoclonal bands and
high-throughput sequencing of immunoglobulin heavy-chain variable transcripts to study the longitudinal B cell
response in the cerebrospinal fluid (CSF) and blood of two MS patients. Twenty of 22 (91%) and 25 of 28 (89%)
of oligoclonal band peptides persisted in samples collected 18 months apart, in spite of a dynamic exchange

across the blood-CSF barrier of B lineage cells connecting to oligoclonal IgG.

1. Introduction

Intrathecal synthesis of immunoglobulin G (IgG) was demonstrated
in multiple sclerosis (MS) for more than half a century ago (Kabat et al.,
1948). This locally produced IgG is a diagnostic hallmark of MS, and it
can be visualized by isoelectric focusing as oligoclonal bands (OCBs) in
90% of patients (Dobson et al., 2013). The presence of OCBs may be
associated with a worse prognosis (Joseph et al., 2009), and it has a
high predictive value for conversion from clinically isolated syndrome
to clinical definite MS (Dobson et al., 2013, Tintore et al., 2008).
Consequently, in the most recent diagnostic criteria of relapsing-re-
mitting MS, the presence of OCBs may substitute for dissemination in
time (Thompson et al., 2018).

It has been shown that OCB IgG match a proportion B cell IgG
transcripts from the cerebrospinal fluid (CSF) and brain (Obermeier
et al., 2011; Obermeier et al., 2008), suggesting that OCB IgG is pro-
duced by B lineage cells within these compartments. In more recent
studies, we and others have shown that B lineage cells participating in
the local immune response have clonally related counterparts in blood
and cervical lymph nodes (Johansen et al., 2015; Stern et al., 2014; von
Budingen et al., 2012), indicating an exchange of B lineage cells

between the periphery and the CNS. In support of this view, it has been
demonstrated that OCB IgG can be traced to B cells in blood (Bankoti
et al., 2014). Moreover, antibody-secreting B lineage cells in the CSF
express high levels of the proliferation marker Ki-67 and have a phe-
notype compatible with recently activated short-lived plasmablasts
(Cepok et al., 2005; Lossius et al., 2017). Accordingly, blocking lym-
phocyte migration to CNS with natalizumab has been shown to make
OCBs disappear in around half of patients (Mancuso et al., 2014),
supporting the idea that the intrathecal humoral immune response is
sustained by a continuous support of B cells from the periphery, at least
in a proportion of patients.

The data above indicate a dynamic humoral immune response in
MS, connecting B lineage cells in blood and cervical lymph nodes to B
lineage cells and OCBs in the CNS. However, earlier studies that com-
pared OCB patterns on electrophoretic gels showed a relatively stable
pattern over time (Axelsson et al., 2013; Walsh and Tourtellotte, 1986).
Thus, to establish whether oligoclonal IgG persists and how it relates to
B lineage cells in the CSF and blood, we here use high-throughput se-
quencing of transcribed immunoglobulin heavy chain variable (IGHV)
genes and mass spectrometry of OCB IgG in two MS patients.

Abbreviations: CSF, cerebrospinal fluid; EDSS, expanded disability status scale; IGHV, immunoglobulin heavy-chain variable; IPG, immobilized pH gradient; OCBs,

oligoclonal bands
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Table 1
Patient characteristics and CSF parameters at the two time points.
D Age (years) Gender Disease duration Treatment between sample T To
(months) collections
EDSS OCB IgG index Albumin ratio EDSS OCB IgG index Albumin ratio
MS1 20 F 12 Natalizumab 2.5 + 1.2 4.8 3.0 + 1.0 4.2
MS2 42 F 64 Interferon beta-la 1.0 + 0.94 5.5 3.5 + 1.0 3.6

2. Materials and methods
2.1. Patients

Two patients with relapsing-remitting MS, fulfilling the 2010 revi-
sions of McDonalds criteria (Polman et al., 2011), were recruited at
Akershus University Hospital (Lgrenskog, Norway). The study was ap-
proved by the Regional Ethical Committee of the South-Eastern Nor-
wegian Health Authority (2009/23 S-04143a), and the patients gave
written informed consent before inclusion. Their age and disease
characteristics, as well as the CSF parameters at inclusion and re-
puncture, are provided in Table 1.

2.2. Sample preparation and high-throughput sequencing

We collected between 20 and 25ml CSF by lumbar puncture and
approximately 60ml blood by venipuncture at each time point.
Mononuclear cells were isolated, and samples were prepared as pre-
viously described (Johansen et al., 2015). Multiplex PCR of IGHV cDNA
and high-throughput sequencing on the Illumina MiSeq system were
performed by Adaptive Biotechnologies (USA) using the immunoSEQ
survey level assay (coverage < 100,000 B cells) (Larimore et al., 2012).
The survey level depth was chosen for both CSF and blood mononuclear
cells in order to make valid comparisons across the two compartments.
The sequencing raw data were preprocessed and normalized as pre-
viously described (Johansen et al., 2015).

2.3. Isoelectric focusing and mass spectrometry

We purified IgG from 3 ml of CSF and an equivalent amount of IgG
from serum using Protein G Dynabeads (Thermo Fisher Scientific, USA).
After eluting the IgG in urea-based rehydration buffer as described
(Obermeier et al., 2008), we rehydrated the immobilized pH-gradient
(IPG) strips (Immobiline DryStrips 24 cm; GE Healthcare, USA) for 18 h
and performed isoelectric focusing of paired CSF and serum IgG using
Ettan IPGphor (Amersham Biosciences, UK). The voltage was increased
in consecutive steps up to 8000V as recommended by the manu-
facturer, and the total focusing time was 15h and 30 min. The IPG
strips were immediately fixated and stained using a sensitive coo-
massie-based protocol (Dyballa and Metzger, 2009). Visible oligoclonal
bands were excised and swelled in 50 ul of 10mM DTT in 50 mM
NH4HCO3 and incubated for 20 min at 56 °C. After removal of excess
liquid, the pieces were alkylated in 50 pl of 55 mM iodoacetamide in
0.1 M NH4HCOj3 for 30 min at room temperature protected from light.

After washing the pieces in Milli-Q water, they were dried using a
SpeedVac Vacuum Consentrator and rehydrated in 25pl of ice cold
0.025 pg/pl trypsin solution (1ul 0.5pug/pl trypsin in 99 ul 50 mM
NH4HCOs3). The pieces were incubated on ice at 45 min and left over-
night at 37 °C. The analyses were performed in duplicates on a QEx-
active hybrid quadrupole-Orbitrap mass spectrometer equipped with
Easy nL.C1000 nano-LC system (all from Thermo Fisher Scientific).

2.4. Data analysis

The transcriptomic data were analyzed using the ImmunoSeq
Analyzer 3.0 (Adaptive Biotechnologies) and IMGT/HighV-QUEST
1.6.5 (Alamyar et al., 2012). CDR3 clustering was performed within the
R statistical programming environment using the R package stringdist
(https://cran.r-project.org/web/packages/stringdist/citation.html) as
previously described (Greiff et al., 2017). CDR3s were clustered by
identical V-gene, J-gene, CDR3 length, and a maximal edit distance of 1
(denoted non-redundant sequences) (Greiff et al., 2015). Lineage trees
were constructed from these data using IgTree (Barak et al., 2008) and
Cytoscape v. 3.7.0. The mass spectrometry data were filtered for CDR3-
region hits (denoted CDR3 peptides) using PEAKS Studio v. 6, and the
CDR3 peptides were quantified using MaxQuant software (Cox and
Mann, 2008). Graphs were created using GraphPad Prism v. 8.

3. Results
3.1. Clusters of IgG B lineage cells persist in the CSF

We sequenced IGHV transcripts of IgG B lineage cells from CSF and
blood from two MS patients at two time points (Table 1). The time span
between the sample collections was 18 months for both patients. None
of the patients had received any immunomodulatory drugs at the initial
inclusion. Before the second sample collection, MS-1 received treatment
with natalizumab the first 12 months, whereas MS-2 received interferon
beta-1a. None of them had evidence of disease activity (clinical or MRI)
at sample collections, but MS-2 had experienced two sensory attacks
between the two time points. The number of unique IGHV transcripts
acquired from CSF and blood at the two time points are given in
Table 2.

We observed that several IGHV transcripts were related, indicating
common ancestor B lineage cells undergoing somatic hypermutation
and proliferation. With this in mind, all transcripts were translated to
amino acid sequences and clustered based on an identical CDR3 length,
the same V- and J-gene usage, and a similar CDR3 sequence, allowing

Table 2
Number of unique IGHV sequences and clustered non-redundant sequences.
Ty Ty
CSF Blood CSF Blood
Unique Clustered non-redundant” Unique Clustered non-redundant” Unique Clustered non-redundant” Unique Clustered non-redundant”
MS1 676 353 9213 3647 1856 390 6810 3562
MS2 1459 177 36,088 22,220 853 452 30,339 21,095

2 The sequences were clustered by identical V-gene, J-gene, CDR3 length, and a maximal edit distance of 1 (see Section 2).
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Fig. 1. Identical and related B lineage cells are overlapping in space and time. (A) Venn diagrams visualizing the overlap of IGHV transcripts between CSF and blood
at two time points, 18 months apart (T; and T,) in MS1 and MS2. The numbers given are unique IGHV sequences with clustered non-redundant sequences in
parentheses. (B) Representative lineages trees from MS1 and MS2 comprising identical and related IGHV transcripts from CSF and blood at the two time points. Each
node represents an IGHV sequence. Lines without denotation depict one nucleotide exchange between the connected nodes, “2” depict two, and so on. Germline (GL)
nodes are on top of each tree. Blue nodes represent IGHV transcripts only detected in CSF, red nodes are transcripts found in CSF and blood, and white nodes are
hypothetical nodes created by the IgTree software. Circles represent IGHV transcripts detected exclusively at Ty, triangles are transcripts only detected at T,, and
squares are sequences detected at both time points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

an edit distance of 1 between related CDR3 sequences (Table 2). The
overlap of unique CSF IGHV transcripts between the two time points
was 70/676 (10%) for MS-1 and 86/853 (10%) for MS-2 (Fig. 1A).
Focusing on clustered non-redundant amino acid sequences, the overlap
between the CSF repertoires at the two time points were 37/353 (10%)
and 24/177 (14%), respectively (Fig. 1A). Next, we used the clusters of
related sequences to construct lineage trees comprising IGHV tran-
scripts detected at one or both time points in CSF and/or blood (re-
presentative lineage trees are shown in Fig. 1B). Interestingly, the
lineage trees generally included several IGHV transcripts detected at
both time points, but most related transcripts were detected at one of
the time points only. These observations indicate the persistence of
identical and related IgG B lineage cells in the CSF of the MS patients
investigated.

3.2. Oligoclonal IgG persists in the CSF

In order to extend our analyses to intrathecally synthesized IgG, we
performed isoelectric focusing of paired serum and CSF from both time
points, excised visible OCBs (Fig. 3A and 4A), and performed label-free
quantitative mass spectrometry. A summary of CDR3 peptides detected
in all OCBs are given in Table 3. Our approach yielded a total of 22
CDR3 peptides matching IGHV transcripts from the CSF of MS1 and 28
CDR3 peptides matching IGHV transcripts from the CSF of MS2. Re-
markably, 20 of 22 (91%) and 25 of 28 (89%) of these OCB peptides
were detected at both time points (Table 3), and the relative peptide
abundances at the two time points based on LC-MS peak intensities
quantified in MaxQuant were within the same range (Fig. 2). These
results show a strong qualitative and quantitative persistence of
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Table 3
Oligoclonal band CDR3 peptides.

D Total CDR3 peptides
(matching IGHV

CDR3 peptides
detected at

CDR3 peptides and
matching IGHV

transcripts detected at T, and T, transcripts detected at
T, and/or T5) T, and T,
CSF Blood CSF Blood CSF Blood
MS1 22 13 20 8 5 1
MS2 28 24 25 16 6 0
MS1 MS2
100+ 100+
10 4
2
2
g 1
£
I
L
s 0.11
S
0.014
ol

Time of sample collection

Fig. 2. Oligoclonal band CDR3 peptides show a strong qualitative and quanti-
tative persistence in the CSF. The graphs show the abundance of CDR3 peptides
based on LC-MS intensities obtained by MaxQuant. Black and red circles re-
present peptides mapping to transcripts from CSF and blood, respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

oligoclonal IgG in the CSF of the two MS patients.

3.3. Clusters of B lineage cells producing oligoclonal IgG persist in the CSF

Finally, we restricted our analysis to persistent OCB peptides that
had matching IGHV transcripts at both time points (i.e. a persistence of
both IgG and matching IGHV transcripts). We detected 6 such CDR3
peptides matching IGHV transcripts within 2 clusters for MS1, and 6
CDR3 peptides matching IGHV transcripts within 4 clusters for MS2
(Table 3), which all involved IGHV transcripts of the IGHV4 family that
were the members of lineage trees that were also extending to blood
(Fig. 3B and Fig. 4B). In several instances, we detected OCB peptides
matching differently mutated members within the same lineage trees,
confirming the existence of these related B lineage cells also at the
protein level. Strikingly, label-free quantitation of these peptides
showed a similar abundance in the exact same, or in neighboring OCBs,
at the two time points (Fig. 3A and B; Fig. 4A and B). Taken together,
our data demonstrate persistence of both CSF B lineage cells and
matching OCB peptides in both patients investigated.

4. Discussion

To investigate the intrathecal humoral immune response in MS at
different time points at both the transcriptomic and proteomic level, we
here combined high-throughput sequencing of IGHV transcripts with
quantitative mass-spectrometry of OCB IgG. The results demonstrate an
intrathecal persistence of several clusters of related OCB IgG-producing
CSF B lineage cells that were also related to B lineage cells in blood.
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Nonetheless, the majority of the B cell clones were detected at only one
time point, whereas matching OCB IgG in most cases were present in
equal amounts at both time points. This is consistent with a highly
stable humoral immune response in the CSF of MS patients and un-
derscores that finite samples of CSF cells only represent a small pro-
portion of the IgG-producing B lineage cells in the CNS. The results
corroborate early observations of stable OCB patterns on electro-
phoretic gels (Walsh and Tourtellotte, 1986), and shed new light on
previous and contemporary studies detecting a limited overlap in B
lineage cell samples collected at different time points (Colombo et al.,
2003; Greenfield et al., 2019).

Related IgG B lineage cells populate the parenchyma, the meninges,
and the CSF in MS (Lovato et al., 2011; Obermeier et al., 2011), and
OCBs probably represent the products of a limited number of antibody-
secreting cells within these populations. Thus, a finite sample of CSF B
lineage cells may miss relevant IgG-secreting cells and include irrele-
vant bystander B cells. This is in line with previous data from our group
demonstrating similar, but not identical, OCB patterns of in vivo and in
vitro 1gG synthesis (Skorstad et al., 2009). However, it is also possible
that the turnover of B lineage cells is greater in the CSF than in the
parenchyma and meninges, and that the dynamics we observe in the
CSF B cell repertoire are not always translated into other compart-
ments. Accordingly, IgG-producing cells in the CSF are highly pro-
liferating plasmablasts (Lossius et al., 2017), and at least some isotype-
switched B lineage cells in the CSF continue to express activation-in-
duced cytidine deaminase, the enzyme involved in somatic hypermu-
tation (Beltran et al., 2014).

It has been shown that two years of natalizumab therapy induces a
complete or partial disappearance of OCBs in a majority of MS patients
(Mancuso et al., 2014). Although one of the patients in our study (MS-1)
had received natalizumab for the first 12 months between sample col-
lections, we detected a strong persistence of OCB IgG. The duration of
natalizumab therapy is probably relevant for the effect on the in-
trathecal immune response, and 12 months might not be long enough to
attain an enduring suppression of the OCB synthesis. Nevertheless, it is
unknown why some patients continue to display OCBs despite long-
term treatment, and it could be speculated that these patients have a
greater proportion of long-lived plasma cells lingering within survival
niches in the CNS.

A study has shown that a proportion of antibodies expressed by CSF
B cells recognize neuronal nuclei and/or astrocytes (Ligocki et al.,
2015). This has been confirmed in an independent study also demon-
strating that recombinant CSF IgG produces demyelination in spinal
cord explant cultures (Blauth et al., 2015). However, the exact antigens
recognized by these sets of antibodies remain unknown. Curiously,
another study that was able to pinpoint the specificity of three re-
combinant CSF IgG antibodies from two MS patients, found that they
targeted ubiquitous intracellular proteins, supporting the idea that the
intrathecal humoral immune response might be a secondary reaction to
tissue injury (Brandle et al., 2016). Nonetheless, the strong persistence
of the humoral repertoire as demonstrated here, together with the
previously shown biased usage of the IGHV4 gene family (Johansen
et al., 2015; Owens et al., 2007; von Budingen et al., 2012), and the
patterns of somatic mutations in particular codons of the IGHV4 family
genes (Cameron et al., 2009; Rounds et al., 2015), argue for a non-
random activation of B lineage cells that are targeting shared epitopes
and/or an idiotope-driven immune response (Hoglund et al., 2017).

There are several methodological limitations to this study. Firstly,
since we did not sequence the 5’-end of the IGHV transcripts, we were
unable to detect somatic mutations in this region. Secondly, we made
c¢DNA from mononuclear cells using a primer specifically mapping to
the IGHG gene without knowledge of the true frequency of IgG-ex-
pressing B cells. This was done to maximize the coverage of B cell
transcripts from low CSF cell numbers but precluded a true estimation
of the repertoire coverage in the samples. This approach also limited
our analysis to antigen-experienced B lineage cells of the IgG isotype.
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Fig. 3. Identical and related B lineage cells matching intrathecally produced IgG are overlapping in space and time in MS1. (A) The figure shows immobilized pH
gradient (IPG) strips with isoelectric focused CSF and serum from two time points, 18 months apart (T; and T5) in MS1. After processing and staining the strips as
described in Materials and Methods, the areas indicated by brackets were excised and analyzed by mass spectrometry. In addition, we cut out a part of the strip
without any visible bands as a negative control. (B) Lineage trees and matching CDR3 peptides from MS1. The nodes, lines and numbers depict the IGHV sequences
and the number of nucleotide exchange between them as described in Fig. 1. Blue nodes represent IGHV transcripts only detected in CSF, red nodes are transcripts
exclusively detected in blood, yellow nodes represent transcripts detected in CSF and blood, and white nodes are hypothetical sequences. Circles depict sequences
only detected at Ty, triangles were exclusively detected at T», and squares represent sequences detected at both T; and T». The letters in the nodes refers to the letters
behind the aligned sequences, and the shaded areas of the trees and the aligned sequences are mass spectrometry CDR3 peptide hits. The graphs show the relative
quantities of peptides detected in distinct oligoclonal bands (OCBs) at both time points based on label-free quantitation of mass spectrometry data in MaxQuant.

Further, we did not analyze sorted B cell populations, which could have
provided information on the overlap of subpopulations of B lineage
cells such as plasmablasts and memory B cells (Greenfield et al., 2019).
One might also argue that an increased coverage of the B cell re-
pertoires would have detected a higher number of non-frequent B cell
clones in CSF and blood. This could, for instance, have yielded more
matching CDR3 peptides and IGHV transcripts detected at both time

points (Table 3). Although increased coverage is not possible in the CSF
since low cell numbers is the main limitation in this compartment,
deeper sequencing would have been doable in blood. Finally, PCR and
sequencing errors are inherent in high-throughput immunosequencing
and are often impossible to discern from somatic mutations (Lossius
et al., 2016). In several instances, however, we detected mutated I1gG
from different members of the same lineage trees by mass spectrometry,
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Fig. 4. Identical and related B lineage cells matching intrathecally produced IgG are overlapping in space and time in MS2. (A, B) IGHV sequences and mass
spectrometry data of oligoclonal bands (OCBs) were analyzed and visualized as described in Fig. 3.
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strongly indicating that these variations were true somatic mutations.

In conclusion, we detected a strong persistence of oligoclonal IgG in
two MS patients, despite immunomodulatory treatment, and demon-
strate that finite B cell samples only partly represent the cells producing
oligoclonal IgG. Focusing on persisting IgG-producing B cell clones may
be a strategy to pinpoint pathologically relevant B lineage cells in the
search for target antigens.
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